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Multiple signaling pathways elicit circadian gene expression in
cultured Rat-1 fibroblasts
Aurélio Balsalobre*, Lysiane Marcacci and Ueli Schibler
In mammals, all overt circadian rhythms are thought to
be coordinated by a central pacemaker residing in the
hypothalamic suprachiasmatic nucleus (SCN) [1]. The
phase of this pacemaker is entrained by photic cues via
the retino-hypothalamic tract. Circadian clocks probably
rely on a feedback loop in the expression of certain clock
genes (reviewed in [2,3]). Surprisingly, however, such
molecular oscillators are not only operative in
pacemaker cells, such as SCN neurons, but also in many
peripheral tissues and even in cell lines kept in vitro
[4–7]. For example, a serum shock can induce circadian
gene expression in cultured Rat-1 fibroblasts [5]. This
treatment also results in a rapid surge of expression of
the clock genes Per1 and Per2, similar to that observed
in the SCNs of animals receiving a light pulse [8–10].
Serum induction of Per1 and Per2 transcription does not
require ongoing protein synthesis [5] and must therefore
be accomplished by direct signaling pathways. Here, we
show that cAMP, protein kinase C, glucocorticoid
hormones and Ca2+ can all trigger a transient surge of
Per1 transcription and elicit rhythmic gene expression in
Rat-1 cells. We thus suspect that the SCN pacemaker
may exploit multiple chemical cues to synchronize
peripheral oscillators in vivo.
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Results and discussion
Serum, which has previously been shown to activate Per1
and Per2 gene expression in Rat-1 fibroblasts, contains a
large number of potential signals such as growth factors and
hormones. We wished to determine whether individual sig-
naling pathways can also activate the expression of these
immediate early genes. Various substances significantly
elicited Per1 expression in non-rhythmic Rat-1 cells within
1 hour of addition (Figure 1). These included forskolin, an
activator of adenylate cyclase, and dibutyryl cAMP;
phorbol-12-myristate-13-acetate (PMA), an activator of
protein kinase C (PKC); calcimycin (A23187), a calcium
ionophore; and epidermal growth factor (EGF), insulin and
fibroblast growth factor (FGF), three activators of receptor
tyrosine kinases (RTKs). In contrast, the accumulation of
Per1 mRNA was not significantly affected by the addition
of okadaic acid, an inhibitor of the protein phosphatases 1
and 2A that causes hyperphophorylation of numerous pro-
teins. Thus, Per1 expression can be activated by signaling
pathways that depend on cAMP-dependent kinases, PKC,
Ca2+ and RTKs. Forskolin, PMA and calcimycin stimu-
lated Per1 mRNA accumulation most strongly. In addition,
we have recently shown that dexamethasone (a glucocorti-
coid analog) stimulates a similarly potent activation of Per1
expression in Rat-1 fibroblasts [11].
In contrast to serum, the compounds examined enhanced
Per2 expression only moderately, if at all. Expression of
c-Fos was activated very strongly by serum and calcimycin,
but only weakly by PMA, forskolin, okadaic acid, EGF
and FGF. Conceivably, the activation of Per2 and c-Fos
transcription by serum may depend on either a signaling
pathway not included in this study or on the synergistic
action of different signal transduction cascades.
Next, we wished to determine whether the various signaling
pathways described above activate Per1 directly or indirectly
Figure 1
Per1 expression is activated in vitro by multiple signaling pathways. At
time 0, cells were shifted to a medium containing one of the following
compounds: DMSO (D), PMA (P), dibutyryl cAMP (A), calcimycin (C),
okadaic acid (O), EGF (E), insulin (I), forskolin (Fo), FGF (F) and horse
serum (H). At time 1 h, whole-cell RNA was prepared. An untreated
sample was also prepared for time 0. The levels of c-Fos, Per1, Per2,
and Tbp mRNAs were determined by RNase protection assays.
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(that is, whether the de novo synthesis of a transcription
factor was required). To discriminate between these possi-
bilities, we stimulated Rat-1 fibroblasts with forskolin,
PMA, calcimycin and dexamethasone in the absence or
presence of the protein synthesis inhibitor cycloheximide,
a potent inhibitor of protein synthesis. Inhibition of trans-
lation did not prevent stimulation of Per1 and c-Fos
expression by forskolin, PMA, calcimycin, and dexam-
ethasone (Figure 2). Thus, all the signal transduction
pathways examined were able to directly activate the Per1
promoter. Therefore, the promoter of Per1, similar to the
c-Fos promoter [12], is likely to contain multiple specific
response elements for different signaling pathways, which
may be used by the circadian timing system to integrate
different environmental time-setting cues.
We previously observed that the serum-induced immedi-
ate early gene expression is followed by the circadian
expression of many clock and clock-controlled genes as
monitored by the rhythmic accumulation of their mRNA
[5]. We have also shown that a dexamethasone shock
induces circadian gene expression in Rat-1 fibroblasts [11].
We thus wished to determine whether the other signaling
pathways examined also induce cyclic mRNA accumula-
tion. Indeed, short incubations of Rat-1 cells with PMA,
forskolin and calcimycin elicited a robust circadian expres-
sion of clock and clock-controlled genes like Per2, Cry1,
Dbp, and Rev-erbα (Figure 3). The expression of Per1 was
rapidly and transiently activated, and then started to cycle
with a low amplitude (data not shown), as shown previ-
ously with serum [5]. Importantly, the mRNA accumula-
tion cycles stimulated with all the compounds displayed
similar phase angles. Furthermore, the relative differences
between phase angles of different mRNA accumulation
cycles closely mimicked those observed in intact animals.
Thus, Rev-erbα was expressed first, followed by Dbp, Per2
and Cry1. Our data confirm recent findings that forskolin
induces circadian gene expression in Rat-1 fibroblasts [13].
Although EGF activated Per1 expression rapidly and tran-
siently (Figure 1, and data not shown), it did not induce
cyclic expression of the genes examined (data not shown).
It seems, therefore, that the transient activation of Per1
expression is not sufficient to activate the circadian oscilla-
tor in cultured cells. Moreover, Per2 activation does not
even seem to be required for the activation of this oscilla-
tor, as cyclic gene expression was induced by treatments
that had little or no effect on immediate early Per2 expres-
sion (for example, dexamethasone, forskolin). 
In accordance with our data obtained with Rat-1 cells,
EGF-treated NIH-3T3 cells do not exhibit circadian
mRNA accumulation [14]. In contrast, FGF, which also
signals through RTK but unlike EGF elicits a prolonged
activation of mitogen-activated protein kinases (MAP
kinases), has been shown to be a potent inducer of cyclic
gene expression [14]. The signal transduction pathways
involving cAMP and glucocorticoids can be efficiently
blocked with H8, which inhibits the activation of cAMP-
dependent kinases, and RU486, a glucocorticoid receptor
antagonist. These inhibitors allowed us to examine whether
these two pathways are critical in the activation of circa-
dian gene expression by serum.
To ascertain that H8 and RU486 can indeed attenuate
cAMP and glucocorticoid signaling, we treated Rat-1
fibroblasts for 1 hour with either forskolin or dexametha-
sone in the presence of H8 or RU486, respectively. H8
reduced the activation of Per1 expression by forskolin from
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Figure 2
Per1 expression is directly activated by PMA, forskolin, calcimycin and
dexamethasone. At time 0, cells were shifted to a medium containing
(a) 10 µM forskolin, (b) 1 µM PMA, (c) 1 µg/ml calcimycin and
(d) 100 nM dexamethasone. RNAs were prepared at the indicated
times after stimulation (time 0). The levels of c-Fos, Per1 and Tbp
mRNAs were determined by RNase protection assays. In the
experiment displayed in the right panel, cycloheximide (CHX, 10 µM
final concentration) was added 1 h before time 0. As a result of
prolonged half-lives, c-Fos and Per1 mRNA accumulate to higher
levels in CHX-treated cells [5].
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almost 12-fold to less than 2-fold (Figure 4a). Similarly,
RU486 completely inhibited the dexamethasone-mediated
activation of Per1 (Figure 4b). In contrast, H8 reduced
serum-induced Per1 expression by less than twofold, and
the effect of RU486 was even less. These data indicate
that neither the activation of cAMP-dependent kinases nor
the glucocorticoid receptor alone can fully account for the
activation of Per1 expression by serum. 
To examine the effects of H8 and RU486 on the induction
of circadian gene expression, we analyzed the levels of
Rev-erbα, Dbp and Tbp (TATA box binding protein)
mRNAs at 8 hours, 20 hours and 32 hours after stimula-
tion. The accumulation of both Dbp and Rev-erbα tran-
scripts reaches nearly peak values 20 hours after treatment
and trough values 8 hours and 32 hours after treatment,
irrespective of whether serum or other agents are used for
the stimulation of circadian gene expression (Figure 3, and
[5]). As expected (Figure 4a,b), forskolin and dexametha-
sone were unable to induce circadian gene expression in
the presence of H8 (Figure 4c, right panel) and RU486
(Figure 4d, right panel), respectively. Yet, the capacity of
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Figure 3
Temporal accumulation of various mRNAs in
PMA-, forskolin-, or calcimycin-induced Rat-1
fibroblasts. (a–c) At time 0, cells were shifted to
a medium containing (a) 1 µM PMA, (b) 10 µM
forskolin, (c) 1 µg/ml calcimycin, and incubated
for 15 min, after which the petri dishes were
washed once with PBS and filled with serum-
free DMEM. Whole-cell RNA was prepared at
the times after stimulation shown at the top of
the figure and the relative levels of the mRNAs
indicated on the right-hand side were
determined by RNase protection assays. A Tbp
antisense RNA probe was included in each
assay as a control for an mRNA with
constitutive expression. (d) The signals
obtained in (c), stimulation with calcimycin, for
the transcripts of Per2, Cry1, Dbp and Rev-
erbα were quantified and normalized to the
signals obtained for Tbp mRNA. The normalized
values obtained for each of the mRNAs before
stimulation (time 0) were set to 100.
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Figure 4
Inhibitors of cAMP and glucocorticoid signaling
abolish neither the activation of Per1
expression nor the induction of circadian gene
expression by serum. Where indicated, H8
(50 µM) or RU486 (1 µM) were added to the
petri dishes 20 min before time 0. At time 0,
cells were shifted to a medium containing one
of the following compounds (with or without H8
and RU486): 10 µM forskolin (Fo), 1 µg/ml
dexamethasone (Dex) or 50% horse serum
(HS). After 15 min, the petri dishes were
washed once with PBS and filled with serum-
free DMEM. Whole cell RNA was then
prepared at (a,b) 1 h or at (c,d) 8, 20 and 32 h.
One sample for time 0 was also prepared. The
levels of c-Fos, Per1, Dbp, Rev-erbα and Tbp
mRNAs were determined by RNase protection
assays. The signals for Per1 mRNA were
quantified and normalized to the signals
obtained for Tbp mRNA. The normalized values
obtained for each of the mRNAs before
stimulation (time 0) were set to 1.
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serum to elicit rhythmic gene expression was not abolished
by either of the two drugs (Figure 4c,d, left panels). Thus,
the activation of neither cAMP-dependent kinases nor the
glucocorticoid receptor appears to be required for the
induction of circadian gene expression by a serum shock. 
In conclusion, we show that circadian gene expression
in vitro can be triggered by various well characterized sig-
naling pathways, including those involving PKC, cAMP-
dependent kinases, Ca2+, and the glucocorticoid receptor.
Although all of these pathways induced a surge of Per1
mRNA accumulation, none of them efficiently activated
Per2 expression. Therefore, the immediate early expres-
sion of Per2 does not appear to be required for awakening
the dormant circadian clock in Rat-1 fibroblasts. While
immediate early Per1 gene expression may be necessary
for the induction of cyclic gene expression, it is probably
not sufficient. Indeed, EGF increased Per1 mRNA levels
to an extent similar to that induced by PMA or forskolin
1 hour after addition, yet it failed to induce circadian
gene expression. 
Glucocorticoids and cAMP are two particularly potent
signals for eliciting rhythmic gene expression in cultured
Rat-1 cells. As shown by experiments with specific
inhibitors for the corresponding signaling pathways,
however, neither of them can fully account for the activity
of serum in activating the circadian clock of these cells. 
The establishment of a complete repertoire of signaling
pathways capable of activating circadian clocks in vitro will
be an important first step towards the understanding of the
circadian timing system in mammals. An equally important
and undoubtedly more difficult task will be to evaluate the
significance of these pathways in the intact animal under
particular physiological situations. The availability of mouse
strains with mutations in genes encoding various signaling
components will greatly facilitate these endeavors.
Materials and methods
Cell culture
Rat-1 fibroblasts were grown in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 5% fetal calf serum (Gibco) and a mixture
of penicillin-streptomycin-glutamine (PSG; Gibco).
Cells were treated with different drugs as follows: approximately
5 × 105 cells/10 cm petri dish were plated 7 days before the experi-
ment. At time 0, PMA (1 µM, final concentration; Sigma), forskolin
(10 µM; Alexis), calcimycin (1 µg/ml; Sigma), dexamethasone (100 nM;
Chemie Brunschwig AG) was added in DMEM + PSG. At 15 min, the
medium was replaced with DMEM + PSG after washing the petri
dishes once with PBS. At the indicated times, cells were frozen and
RNA was prepared as described [5]. When indicated, the inhibitor H8
(50 µM, final concentration; Alexis) or RU486 (1 µM, a gift from D.
Picard, University of Geneva) was added to the medium 20 min before
the induction (time 0). At time 0, the medium was exchanged with the
inducing medium containing either H8 (50 µM) or RU486 (1 µM). Cells
were treated with the corresponding activating drugs or serum as
described above. When indicated, cycloheximide (10 µM, final concen-
tration; Sigma) was added to the medium 1 h before addition of the
inducing agent (forskolin, PMA, calcimycin or dexamethasone). At
time 0, the medium was exchanged with medium containing one of the
inducing agents and cycloheximide at 10 µM.
RNase protection experiments
The ribonuclease protection assays were performed with the Per1,
Per2, Dbp, Rev-erbα, c-Fos and Tbp probes [5]. The Cry1 probe is
complementary to the mRNA sequence (position +29 to +442 of
GenBank accession number AB000777). Autoradiography was per-
formed with an intensifying screen (FUJI) at –70°C for 1–3 days.
Signals were quantified using a Bio-Rad phosphorimager (Personal
Molecular Imager FX). The data were analyzed using Quantity One soft-
ware version 4.1 (Bio-Rad).
Supplementary material
Supplementary material including a quantification of Per1 mRNA induction
by forskolin, PMA, calcimycin and dexamethasone, with or without cyclo-
heximide, is available at http://current-biology.com/supmat/supmatin.htm.
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